Leukopenia, hypoxia, and complement function with different hemodialysis membranes. Complement activation during exposure of plasma to cuprophan has been postulated to cause Ieukopenia and hypoxia in hemodialysis patients. To determine if hypoxia is related to leukopenia and if complement activation leads to a depletion of functional complement components, we dialyzed four patients three times sequentially against each of four types of membranes: cuprophan, regenerated cellulose, cellulose acetate, and polyacrilonitrile. Within 20 mm there was a marked leukopenia with cuprophan from 5541 376 to 1216 94 (P < 0.001) and with regenerated cellulose from 5541 411 to 1533 203 (P <0.001). With cellulose acetate, the change from 5558 400 to 3783 341 (P < 0.001) was less dramatic, and with polyacrilonitrile the fall from 5591 381 to 4641 401 (P <0.02) was minimal. After 2 and 4 hours of dialysis, a rebound leukocytosis was seen with cuprophan, regenerated cellulose, and cellulose acetate, but not with polyacrilonitrile. Transient thrombocytopenia occurred with cuprophan and regenerated cellulose. In
posure of plasma to cuprophan has been postulated to cause Ieukopenia and hypoxia in hemodialysis patients. To determine if hypoxia is related to leukopenia and if complement activation leads to a depletion of functional complement components, we dialyzed four patients three times sequentially against each of four types of membranes: cuprophan, regenerated cellulose, cellulose acetate, and polyacrilonitrile. Within 20 mm there was a marked leukopenia with cuprophan from 5541 376 to 1216 94 (P < 0.001) and with regenerated cellulose from 5541 411 to 1533 203 (P <0.001). With cellulose acetate, the change from 5558 400 to 3783 341 (P < 0.001) was less dramatic, and with polyacrilonitrile the fall from 5591 381 to 4641 401 (P <0.02) was minimal. After 2 and 4 hours of dialysis, a rebound leukocytosis was seen with cuprophan, regenerated cellulose, and cellulose acetate, but not with polyacrilonitrile. Transient thrombocytopenia occurred with cuprophan and regenerated cellulose. In spite of the variable degree of leukopenia, all membranes induced a similar and significant hypoxia, which was progressive throughout dialysis, even during the rebound leukocytosis. After 4 hours, the mean P02 ranged from 91 to 93 mm Hg with all membranes. Functional hemolytic titers of whole complement, C3, CS, and C4 were normal prior to hemodialysis and failed to decrease after 4 hours with any membrane. It is concluded that hemodialysis leukopenia is membrane-dependent and is not the cause of hypoxia. In addition, hemodialysis complement activation does not lead to functional complement depletion and is of no clinical significance. Hypoxia, leukopenia, and complement activation may occur in uremic patients undergoing chronic maintenance hemodialysis [1] . The initiating mechanism of these phenomena is felt to be activation of plasma complement proteins through contact with the dialysis membrane. This leads to formation of leukocytes microaggregates that are subsequently entrapped in the pulmonary circulation, thereby causing leukopenia and possibly leading to hypoxia [2] . The resultant early hypoxia is dependent on circulating leukocytes. Two observations, however, suggest that additional mechanisms may be in-plement components and underlie the propensity of hemodialysis patients to bacterial infection. To investigate these possibilities, we prospectively studied the effect of repeated dialysis with cuprophan, regenerated cellulose, cellulose acetate, and polyacrilonitrile membranes on white blood cell and platelet counts, arterial blood gases, and complement titers.
Methods
We studied four patients, aged 30 to 45 years, sequentially dialyzed with a different artificial kidney membrane each week for 4 weeks. All four patients were dialyzed for at least 4 hours thrice weekly with an acetate bath (41 mEq/liter). Thus, each dialyzer was studied for 12 dialysis sessions. The sequence of membranes used was regenerated cellulose (C-DAK 1.3, Cordis-Dow, Inc., Miami, Florida), cellulose acetate (C-DAK 3500), cuprophan (Travenol 1500, Travenol Labs, Inc., Morton Grove, Illinois), and polyacrilonitrile (RP-6, Hospal, Inc., Denver, Colorado). No patient had a renal disease associated with complement abnormalities. Circulatory access was obtained through an arteriovenous fistula, and heparin was used to maintain anticoagulation. Predialysis blood was drawn anaerobically into a disposable syringe containing 100 U of sodium heparin immediately after insertion of the needle into the fistula and prior to exposure of blood to the membrane. Blood samples were also drawn at 20, 120, and 240 mm after initiating hemodialysis from the arterial line. An aliquot of blood for white cell and platelet counts was transferred into tubes containing EDTA, and another aliquot was removed, the plasma separated, and immediately frozen at -70° C for later determination of complement titers.
Serum complement assays for whole complement and individual complement components were performed with a hemolytic microtiter plate assay [5] . Dilutions of plasma were made in glucose-gelatin verona! buffer by using microtiter dilutions and Vbottom microtiter plates. Reagents supplying all components of complement, Cl to C9, except the component being tested for, are then added. Certain components are supplied in the form of stable cellular intermediates consisting of antibody-sensitized red blood cells (EA) with complement components and included EAC1, EAC4, EAC14, EACI-7. Other components are added in the form of purified components such as C2, C3, CS, C6, C7, C8, C9, or modified complement serum capable of supplying the late components of complement. The degree of lysis is determined in each reaction mixture, and results are expressed as the reciprocal of the highest dilution of serum that will hemolyze 50% of the red cells in the reaction mixture (CH50 units/ml).
Arterial blood gases were measured inmediately with a Radiometer BMS3 (Copenhagen, Denmark), and white blood cell and platelet counts were obtained within 4 hours on a Coulter Model S (Coulter Corp., Miami, Florida). Data are expressed as the means SEM. Statistical analysis was performed by analysis of variance and Duncan's New Multiple Range Test. A P value less than 0.05 was considered significant.
Results
The leukocyte count in all patients prior to hemodialysis was similar with all four membranes. Within 20 mm after the initiation of hemodialysis, there was a marked drop in leukocyte count from 5541 376 to 1216 94 cells/mm3 (P <0.001) with the regenerated cellulose dialyzer and a similar drop from 5541 411 to 1533 203 mm3 (P <0.001) with the cuprophan dialyzer. The decrease in leukocyte count with the cellulose acetate dialyzer from 5558 400 to 3783 341 mm3 (P <0.05) was less dramatic. The polyacrilonitrile dialyzer caused a slight but significant drop from 5591 381 to 4641 401 mm3 (P < 0.02) (Fig. 1) . A rebound leukocytosis was noted with all but the polyacrilonitrile mem- of whole complement (WhC), C4, C3, and C5 were normal prior to dialysis and tended to increase during hemodialysis (Table 3) . Although the increases were statistically significant for some complement components and some kidneys, the trend occurred with all four components and all four kidneys. More importantly, there was no drop in titer of any complement component with any kidney either before or during hemodialysis. drop from 244, 166 12,584 to 224, 166 10,372 mm3 (P < 0.02) was noted with the cuprophan dialyzer. Po2 decreased progressively with all membranes throughout hemodialysis (Fig. 2) . With the regenerated cellulose dialyzer, the Po2 fell from 107 3 mm Hg to 104 3 mm Hg at 20 mm and continued to fall to 93 2 mm Hg (P <0.001) at 120 mm and 91 2 mm Hg (P <0.001) at 240 mm. A similar decrease was noted with cuprophan, cellulose acetate, and polyacrilonitrile membranes. The differences between the kidneys in the degree of hypoxia were not significant; that is, all kidneys caused the same degree of hypoxia.
As expected, metabolic acidosis resolved after 4 hours of hemodialysis (Table 1 ). Prior to hemodialysis, the mean arterial pH for all groups ranged from 7.300 to 7.332. After 240 mm, the pH had increased into the range of 7.391 to 7.420. The increase in arterial pH was similar with all membranes and highly significant (P <0.001). The arterial Pco2 was decreased prior to hemodialysis and did not change (Table 2 ) after 4 hours of hemodialysis with any membrane. Mean reciprocal titers Over a decade ago, acute leukopenia was described in patients undergoing hemodialysis [6] . The leukopenia was thought to be limited to granulocytes and monocytes and reversible within 1 hour. Experiments in hemodialyzed dogs and using simultaneous sampling across the pulmonary vascular bed have shown that the leukopenia is due to pulmonary sequestration of leukocytes [7] . After 2 to 3 hours of hemodialysis, a rebound of the neutrophil count to greater than predialysis levels has been observed and results from a bone marrow response [8] . In a detailed investigation of the pathogenesis of this abnormality, Craddock et at [2] showed that dialyzer cuprophan activates complement through the alternate pathway both in vitro and in hemodialysis patients. Moreover, complement components generated by exposure of plasma to cuprophan lead to a sequestration of leukocytes within the lung when injected i.v. into rabbits. Thus, it has been proposed that exposure of plasma to the cellophan dialysis membrane activates complement leading to intravascular aggregates of leukocytes that are entrapped in the lung.
The transience of the leukopenia results from coating of the membrane with plasma components, with a subsequent inability to further activate complement proteins. Thus, the relationship between exposure of plasma to the cuprophan membrane and leukopenia is well established. Observations in uremic patients have shown that soon after initiating hemodialysis there is a decrease in arterial oxygen tension and pulmonary diffusing capacity as well as an increase in closing volume [1, 3] . Infusion of autologous plasma incubated with dialyzer cuprophan into sheep leads to leukopenia, hypoxia, and cardiopulmonary disfunction [2] . Because these events are concurrent with the neutropenia, it has been suggested that the pulmonary abnormalities reflect component-mediated pulmonary leukostasis. This hypothesis requires that hypoxia occur only in patients dialyzed with membranes that cause leukopenia. It does not explain the progression of hypoxia during dialysis despite the release of entrapped pulmonary leukocytes. We have dialyzed four patients a total of 12 times with artificial kidneys made of cuprophan, regenerated cellulose, cellulose acetate, or polyacrilonitrile. The first three dialyzers represent variations in the manufacturing process of cellulose that lead to differences in dialysance properties. Polyacrilonitrue is an entirely different membrane that is used for its ultrafiltration characteristics. As expected with the cuprophan and regenerated cellulose kidneys, there was profound leukopenia followed by a rebound leukocytosis. The fall in leukocyte count in patients dialyzed against a cellulose acetate membrane, however, was less dramatic, and the change with polyacrilonitrile was minimal. This suggests less complement activation and leukocyte aggregation with the latter two membranes. In spite of these differences, hypoxia occurred in every patient during dialysis independent of the membrane used and progressed in severity even as the leukocyte count returned to or exceeded predialysis values. These data suggest that leukopenia and hypoxia may be concurrent but unrelated phenomena. In a study examining complement activation and leukopenia with cuprophan, polycarbonate, and polyacrilonitrile membranes, Aljama et al [9] noted that these events were not necessarily related and could occur independently. Moreover, a study using sequential ultrafiltration and dialysis with similar membranes has dissociated these phenomena [15] . Thus, the suggested sequence of complement activation-leukopenia-hypoxia may not be valid. An alternate explanation is that the hypoxia is secondary to a depression of ventilation due to a loss of carbon dioxide across the kidney into dialysate [10] . This hypothesis predicts our findings that hypoxia will progress throughout dialysis and be unrelated to leukopenia or the membrane used.
An additional cause of hypoxia may be a progressive improvement in acidosis during hemodialysis. As acidosis is a respiratory stimulant, reversal of acidosis would decrease minute ventilation and subsequently arterial oxygen tension. The anticipated accumulation of carbon dioxide would traverse the membrane into the dialysate [16] or be utilized during acetate metabolism [11] . This sequence of events is supported by our findings of a progressive normalization of pH without a change in Pco2 during hemodialysis with all kidneys. The decrease in Po2 at 20 mm with the polyacrilonitrile kidney was minimal and not significant, suggesting that the early hypoxia may in fact be related to leukopenia. Probably both factors are instrumental in causing hypoxia at different times during hemodialysis.
A mild thrombocytopenia occurred during dialysis with the cuprophan and regenerated cellulose membranes in a pattern similar to the leukopenia and has previously been observed in patients undergoing hemodialysis [12] . This observation is not surprising in view of the finding that the cuprophan membrane is able to degranulate and release a platelet-activating factor from basophils [13] . This factor is not released during exposure to polyacrilonitrile.
Continuous exposure of plasma to the cuprophan and regenerated cellulose membranes will activate complement proteins and may potentially deplete them. A slight depression of titers of C3 has been observed early in dialysis. Myers and Klajman [14] observed depressed levels of C3 in 9 of 13 chronic hemodialysis patients and suggested that this may predispose them to bacterial infection. We used hemolytic titers of complement components as a functional measure of complement activity. Functional titers of whole complement, C3, C4, and CS were not diminished by 4 hours of hemodialysis. Thus, hemodialysis does not deplete complement components, making complement abnormalities an unlikely explanation for the predisposition of dialysis patients to bacterial infections.
